Background: ROS-GCs generate cGMP and control phototransduction in rods and cones. Results: Through a unique [Ca 2ϩ ] i -independent mechanism, bicarbonate stimulates ROS-GC activity to increase circulating current, quicken flash responses, and reduce relative sensitivity. Conclusion: Bicarbonate is a novel modulator of the photoreceptor ROS-GC. Significance: Vision and certain forms of retinal diseases may be affected by the metabolic states of retinal cells.
Retinal rods and cones begin the process of vision by converting light into an electrical signal, the biochemical process termed phototransduction. Within a highly specialized cilium known as the outer segment, a photon absorbed by a rhodopsin molecule turns on a transducin G protein that activates a cGMP phosphodiesterase. In darkness, cGMP holds open cyclic nucleotide-gated (CNG) 3 ion channels through which cations enter the cell. By causing cGMP hydrolysis, light closes the CNG channels and the cell hyperpolarizes. The change in membrane potential spreads through the soma (inner segment) to the synaptic terminal, where it alters synaptic transmission. The enzyme responsible for maintaining a basal level of cGMP and for restoring its level to end the photon response is the photoreceptor guanylate cyclase ROS-GC (reviewed in Refs. 1 and 2). Mammals express two isoforms, ROS-GC1 and ROS-GC2, whereas three forms are present in fish. Unlike hormone receptor membrane guanylate cyclases, ROS-GCs do not respond to extracellular ligands and contain an additional structural tail at the C terminus (see Figs. 1 and 7) . ROS-GCs do, however, respond to changes in intracellular [Ca 2ϩ ] with a neuronal calcium sensing subunit, guanylate cyclase activating protein (GCAP). Most vertebrates express two isoforms, GCAP1 and GCAP2, but some fish may express as many as eight (3) . With Ca 2ϩ bound, GCAPs slightly suppress ROS-GC activity. Following a light-induced decline in [Ca 2ϩ ] i , GCAPs stimulate ROS-GC activity as part of a negative feedback loop that limits the size of the single photon response and quickens the recovery phase of the response.
Bicarbonate has been shown to increase the circulating current in rods and cones in the isolated amphibian retina (4, 5) . Faster flash responses and lower sensitivity in rods of toad and monkey are also associated with bicarbonate (6 -8) . These changes could be produced by direct stimulation of cGMP synthesis, but the effect of bicarbonate on ROS-GC activity is controversial (9 -11) . Here, we systematically analyzed the effect of bicarbonate on ROS-GC1 and ROS-GC2 activities and tested for an interaction with GCAPs at low [Ca 2ϩ ]. In addition, we studied the effect of bicarbonate on the flash responses of intact rods and cones. Some of the results have appeared previously in abstract form (70) .
EXPERIMENTAL PROCEDURES

Measurement of Recombinant ROS-GC Activity-COS-7
cells were transfected with cDNA for bovine ROS-GC1, ROS-GC2, or an abridged version ( Fig. 1) by the calcium phosphate co-precipitation technique (12) . Sixty-four hours post-transfection, the cells were washed with 10 mM Mg 2ϩ in 50 mM Tris-HCl buffer, pH 7.4, and homogenized, and the particulate fraction (membrane) was pelleted by centrifugation.
Membrane samples were incubated individually with varying concentrations of NaHCO 3 in the absence or presence of recombinant bovine GCAP1 or GCAP2 purified as described in Ref. (13) . The assay mixture (25 l) consisted of 10 mM theophylline, 15 mM phosphocreatine, 1 mM EGTA, and 50 mM Tris-HCl, pH 7.5, and 20 g of creatine kinase (Sigma). The reaction was initiated by addition of the substrate solution (4 mM MgCl 2 and 1 mM GTP; final concentrations) and incubated at 37°C for 10 min. The reaction was terminated by the addition of 225 l of 50 mM sodium acetate buffer, pH 6.2, followed by heating on a boiling water bath for 3 min. The amount of cGMP formed was determined by radioimmunoassay (14) . All assays were done in triplicate and, except where stated otherwise, were performed three times.
Preparation of Native ROS-GC from Mouse-Rod outer segments isolated from the retinas of WT mice (C57Bl Salus University) and Nrl Ϫ/Ϫ mice (Dr. Anand Swaroop and the Neurobiology Neurodegeneration and Repair Laboratory of the National Institutes of Health) according to Ref. 15 were assayed using methods similar to that for COS cell membranes except that 10 M zaprinast was added to inhibit endogenous PDE6 activity. Assays were performed three times, each time in triplicate.
Electrophysiology-Photocurrents were recorded from "red" rods and large, single, red-sensitive cones of larval tiger salamanders (Ambystoma tigrinum; Charles Sullivan, Nashville, TN) with a suction electrode after a minimum of 18 h of dark adaptation as described in Ref. 16 with slight modifications.
Mechanically dissociated retinas were loaded into an experimental chamber and perfused continuously with Ringer's solution (58 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 0.02 mM EDTA, 10 mM glucose, 5 mM HEPES, 5 or 10 mM MOPS, 55 mM sodium MOPS, pH 7.6, and 0.05 mg ml Ϫ1 bovine serum albumin; Fraction V; Sigma). When desired, perfusion was switched to a solution containing 50 mM NaHCO 3 in place of an equimolar amount of sodium MOPS. In some experiments, the rod outer segment was perfused with a low Cl Ϫ solution (108 mM NaCH 3 SO 4 , 2.5 mM KCH 3 SO 4 , 1 mM MgCl 2 , 1.5 mM CaCl 2 , 0.02 EDTA, 10 mM glucose, 10 mM HEPES, pH 7.5, and 0.05 mg ml Ϫ1 bovine serum albumin). For these experiments, bicarbonate was introduced by substituting 30 mM NaHCO 3 for equimolar NaCH 3 SO 4 . The effects of elevated pH were evaluated by perfusing the bath with 108 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 , 1.5 mM CaCl 2 , 0.02 mM EDTA, 10 mM glucose, 10 mM HEPES, pH 7.6 or 8.1, and 0.05 mg ml Ϫ1 bovine serum albumin. TAPS replaced HEPES for experiments at pH 8.5, and CHES was used for experiments at pH 8.8. The outer or inner segment of a photoreceptor was pulled into a polished, silanized glass pipette that was filled with the HEPES-buffered Ringer's solution, pH 7.6, without albumin. These recording configurations will be referred to as OS-in and IS-in, respectively. The position of the cell in the electrode was monitored closely with a closed circuit, infrared television system because movement into or out of the electrode would change the measured circulating current (17) . Light from an electronically shuttered xenon source passing through a six-cavity interference filter (Omega Optical, Brattleboro, VT) was used to stimulate the cells. The light was calibrated with a digital photometer (UDT 350; Graseby). Signals were recorded at room temperature (21-23°C) with a current to voltage converter (Axopatch 200B; Axon Instruments), low pass filtered with an 8-pole Bessel filter at 30 Hz (Ϫ3 dB; Frequency Devices, Haverhill, MA), and digitized at 400 Hz. Cell type was identified by visual inspection and by the responses to flashes: at 512 and 618 nm; at 378, 434, and 599 nm; or at 434, 500, and 540 nm.
RESULTS
Bicarbonate as a Signal for Catalytic Activation of ROS-GC-
We first verified the original observation that bicarbonate stimulates the catalytic activity of ROS-GC1 (11) . COS cells were induced to transiently express bovine ROS-GC1 or ROS-GC2, and their membranes were assayed for cGMP synthesis. There was indeed a dose-dependent increase in activity of up to 4.7-fold with bicarbonate ( Fig. 2A) . For ROS-GC1, the ED 50 was 27 mM with a Hill coefficient of 2.8, similar to results reported previously (11) . ROS-GC2 activity was stimulated 4.1-fold, although it was somewhat less sensitive, with an ED 50 of 39 mM and a Hill coefficient of 2.3.
Bicarbonate solutions left open to the air become alkaline over time because of the formation and release of CO 2 . To ensure that the increases in ROS-GC activity were not due to a change in pH, two control experiments were carried out. First, the pH of assay mixture samples containing final concentrations of 0 -100 mM bicarbonate in 20 mM increments was monitored at 37°C. The pH remained constant at 7.5 Ϯ 0.02 after an hour, a duration that was substantially longer than the 10-min incubation period in our assays. Second, the activities of recombinant ROS-GC1 and ROS-GC2 in COS membranes were determined at pH 7, 7.5, 8, 8.5, and 9 ( Fig. 2B ). There were no changes, consistent with the insensitivity of ROS-GCs solubilized from bovine retina to changes in pH from 7 to 9 that was reported previously (18) .
Localization of ROS-GC1 Domain Involved in Bicarbonate Signaling-ROS-GC is a single transmembrane-spanning protein, composed of modular blocks: extracellular domain (ExtD), transmembrane domain, juxtamembrane domain (JmD), kinase homology domain (KHD), signaling helix domain, core catalytic domain (CCD), and a C-terminal extension. For other membrane guanylate cyclases, the ExtD is known to bind ligands such as natriuretic peptides (ANF (atrial natriuretic factor), BNP (B-type natriuretic peptide), and CNP (C-type natriuretic peptide)) or enterotoxin (reviewed in Ref. 1). To test whether bicarbonate binds the ExtD or neighboring domains, abridged versions of ROS-GC1 lacking the ExtD, JmD, and KHD or all three domains were expressed in COS cells for testing ( Fig. 1 ). All three mutants retained sensitivity to bicarbonate with ED 50 values of ϳ30 -40 mM, Hill coefficients of 2 and a maximal stimulation of nearly 6-fold (Fig. 2C ). Thus bicarbonate does not bind to and signal from the ExtD, JmD, nor the KHD of ROS-GC1. Moreover, none of these domains is required for stimulation of activity by bicarbonate. By exclusion, the ROS-GC1 domain(s) required for bicarbonate signaling reside between Leu 770 and Lys 1054 , where the numbering corresponds to mature bovine ROS-GC1 (19) .
Influence of GCAPs on Bicarbonate Signaling-Because GCAPs and bicarbonate both modulate ROS-GC activity, we asked whether they act independently. To find out, membranes of COS cells expressing ROS-GC1 or ROS-GC2 were incubated with 50 mM bicarbonate and increasing concentrations of either GCAP1 or GCAP2 at low [Ca 2ϩ ] in assays for cGMP synthesis. The presence of GCAP1 enhanced the effect of bicarbonate on GC activity (Fig. 3A) , indicating that the two factors operated synergistically rather than additively. GCAP2 had an even greater impact (Fig. 3B ). In control experiments carried out in the absence of GCAPs, ROS-GC1 activity was indifferent to the addition of 1 mM EGTA to essentially reduce [Ca 2ϩ ] to 0 or to 100 M Ca 2ϩ (Fig. 3C ). Other groups failed to observe bicarbonate stimulation of recombinant ROS-GCs (9, 10). Because different expression systems were used, their enzymes may have been subject to different post-translational modifications or may have existed in complexes with alternative protein binding partners. It was therefore important to test native ROS-GC from retinal photoreceptors. WT mouse outer segment membranes express a mixture of ROS-GC1 and ROS-GC2 complexed with GCAP1 and GCAP2. Nrl Ϫ/Ϫ mouse outer segments restrict expression to ROS-GC1 and GCAP1 (20 -21) . The results confirmed bicarbonate sensitivity of native ROS-GCs (Fig. 4) . For Nrl Ϫ/Ϫ , the ED 50 was 47 mM, whereas for WT, the ED 50 was somewhat higher, consistent with the involvement of a second ROS-GC that was less sensitive to bicarbonate. Overall maximal stimulation of GC activity at high bicarbonate concentration determined from three separate experiments was 8.6 Ϯ 0.6-fold (means Ϯ S.E.) for Nrl Ϫ/Ϫ and 10.3 Ϯ 0.8-fold for WT. 
A, ROS-GC1 activity increased 4.7-fold with bicarbonate, with a Hill coefficient of 2.8 and an ED 50 of 27 mM, whereas ROS-GC2 activity increased 4.1-fold with a Hill coefficient of 2.3 and an ED 50 of 39 mM. All assays were done in triplicate. ROS-GC1 was tested three times, and the results shown are the means Ϯ S.E. ROS-GC2 was tested once. B, ROS-GC activity was independent over the pH range 7-9. ROS-GC1 (circles) and ROS-GC2 (diamonds) were each assayed in triplicate, using membranes from two independent cell transfections(openandfilledsymbols,respectively).C,similarbicarbonate-dependent activities of ROS-GC1 mutants. Activity was plotted relative to that in the absence of bicarbonate for each mutant. For the mutant lacking ExtD, ED 50 was 41 mM, the Hill coefficient was 2.0, and maximal activity rose 5.9-fold. For the mutant lacking JmD and KHD, ED 50 was 38 mM, the Hill coefficient was 2.1, and maximal activity increased 5.6-fold. For the mutant lacking all three domains, ED 50 was 34 mM, the Hill coefficient was 2.1, and maximal activity increased 5.4-fold. Specific activities of mutants in the absence of bicarbonate were 93 Ϯ 15, 110 Ϯ 20, and 65 Ϯ 10 pmol cGMP min Ϫ1 (mg prot) Ϫ1 for the mutant lacking ExtD, for the mutant lacking JmD and KHD, and for the mutant lacking ExtD, JmD, and KHD, respectively (n ϭ 3 for each mutant).
We infer that the greater maximal stimulation of the ROS-GC mixture from WT mouse compared with that of ROS-GC1 from Nrl Ϫ/Ϫ (Fig. 4 ) was related to GCAP2 expression. First, bicarbonate stimulation of recombinant bovine ROS-GC1 was similar to that of ROS-GC2 ( Fig. 2A) . Second, bicarbonate exerted a more powerful effect on ROS-GC with GCAP2 (Fig. 3) , and WT rods express comparable levels of GCAP1 and 2, whereas Nrl Ϫ/Ϫ photoreceptors express little, if any, GCAP2.
Impact of Bicarbonate on the Circulating Current of Rods and
Cones-In photoreceptors, a higher basal rate of ROS-GC activity raises intracellular [cGMP] and opens more CNG channels to increase the circulating current. So when probed with a bright flash, the maximal, saturating response amplitude is larger. In our initial recordings from salamander photoreceptors attached to pieces of retina with outer segment inside the pipette (OS-in), switching the inner segment perfusion from Ringer's solution buffered with 30 mM phosphate to one containing 30 mM bicarbonate increased the response to a bright, saturating flash in all five cones tested by 52 Ϯ 14% and in all three rods tested by 18 Ϯ 3%. Maximal response amplitude increased by 59 Ϯ 4% in two of two rods exposed to 50 mM bicarbonate. However, high phosphate can precipitate Ca 2ϩ in the Ringer's solution (22) (23) . Exposure of the outer segment to low extracellular [Ca 2ϩ ] would in turn reduce intracellular levels, accelerate ROS-GC activity, and raise the affinity of the CNG channel for cGMP. Thus the use of phosphate as a "control" might artificially marginalize the effects of bicarbonate. Fortuitously, when the outer segment is sequestered inside the pipette during OS-in recording, exposure of the inner segment to low [Ca 2ϩ ] increases the circulating current by only a few percent (24) . Another issue was that the bicarbonate solution was slightly unstable, and pH sometimes rose as high as 8.3 during experiments that lasted many hours. As will be shown below, circulating current rose with pH, but the effects were not as great as those produced by bicarbonate.
Therefore, despite the less than ideal conditions imposed by using phosphate-buffered Ringer's solution, there was an increased maximal response amplitude in bicarbonate that was at least partially attributable to a direct action of bicarbonate on the ROS-GC activity. Nevertheless, both complications were circumvented by replacing phosphate with the "Good" buffer, MOPS (23) , for all subsequent experiments on salamander photoreceptors.
With OS-in recordings, the maximal, saturating response was enlarged by 50 mM bicarbonate in every retina-attached rod and cone (Fig. 5, A and D) . On average, the maximal response became 12 Ϯ 3% (n ϭ 6) larger in rods. The average increase in seven retina-attached and in three isolated red-sensitive cones was 26 Ϯ 6%. This robust effect on rods and cones was reversed after washing with Ringer's solution and was reinstated in one rod and in three cones when bicarbonate was applied a second time.
Regional Uptake of Bicarbonate in Rods but Not ConesWhen isolated salamander cones were recorded with the inner segment inside the pipette (IS-in), perfusion of their outer segments with 50 mM bicarbonate invariably increased circulating current by an average of 31 Ϯ 10% (n ϭ 4) (Fig. 6A) . In contrast, maximal response did not increase with bicarbonate in IS-in recordings from four isolated rods (3 Ϯ 3%, Fig. 6C ), consistent with previous reports (4, 25) . However, circulating current in three of three rods increased 22 Ϯ 2% with 30 mM bicarbonate applied to their outer segments when external Cl Ϫ was lowered to reverse the direction of operation of the HCO 3 Ϫ /Cl Ϫ exchanger (Fig. 6D) , similar to the findings of Ref. 26 . Flash response kinetics in rods were unchanged or may have slowed slightly in low Cl Ϫ .
Dynamic Action of Bicarbonate during the Flash Response-
Because the time course of the photon response depends on restoration rate of cGMP levels, the powerful bicarbonate stimulation of ROS-GC activity with GCAPs present at low [Ca 2ϩ ] could accelerate flash response recovery. The expectation was upheld; in salamander rods recorded with OS-in, bicarbonate reduced the integration time of the dim flash response, given as the response integral divided by peak amplitude, by ϳ29 Ϯ 10% (n ϭ 5), indicating faster recovery. Time to peak may have shortened by ϳ9 Ϯ 3% (Fig. 5B) . Washing the cell with Ringer's solution to remove the bicarbonate slowed response recovery. In red-sensitive cones recorded with OS-in or with IS-in, changes in flash response kinetics were less consistent. Response recovery was faster in six cells (Fig. 6B ) but was slower in three others.
The response to a dim flash in rods and cones did not generally increase in proportion to the saturating flash response with bicarbonate. In many cases, the dim flash response became smaller. Thus for most cells, relative sensitivity was lower (Fig.  5, C and E) . On average, the flash strength that produced a half-maximal response, i 0.5 , was 1.4 Ϯ 0.2-fold higher in five rods and 1.8 Ϯ 0.2-fold higher in eight cones.
Dependence of Circulating Current on pH-Previously, it was proposed that the bicarbonate-induced increase in circulating current arises from intracellular alkalinization (4, 27) . Here we show that elevating pH does not reproduce all of the physiological effects of bicarbonate on rods described above.
In experiments on five rods with OS-in, raising extracellular pH around the inner segment from 7.6 to 8.1 increased the circulating current by 9 Ϯ 3%. Circulating current was 10 Ϯ 3% (n ϭ 4) higher at pH 8.5 (Fig. 7, A and C) . These results are broadly consistent with those of Liebman et al. (25) , who reported a ϳ10% increase in circulating current in rods per- fused at pH 10.5. However, in our experiments, raising pH to 8.8 yielded inconsistent results ranging from a 23% decrease to a 15% increase in circulating current, with an average decrease of 0.1 Ϯ 7% (n ϭ 5). Although there were no significant differences between the three groups ( Fig. 7B) , switching to or from pH 8.8 initially increased the current in a number of trials, before finally settling to a final intermediate value or one that was lower than before the switch (Fig. 7D) . Our interpretation is that as bath pH slowly rose, circulating current reached a maximum between pH 7.6 and 8.8 and thereafter declined as pH equilibrated at 8.8. This conclusion is supported by IS-in recordings of salamander cones, in which raising extracellular pH to 8.8 decreased the circulating current (28) . Notably, increases in circulating current over the range of pH from 8.1 to 8.8 were less pronounced than those caused by switching from 30 mM phosphate to 30 mM bicarbonate.
In contrast to the decrease in relative sensitivity to flashes observed with bicarbonate treatment, elevated pH produced a very slight increase in relative sensitivity (Fig. 7E) in nine of ten rods. The i 0.5 was 1.17 Ϯ 0.05-fold lower at pH 8.1 (n ϭ 3), 1.12 Ϯ 0.07-fold lower at pH 8.5 (n ϭ 3), and 1.33 Ϯ 0.04-fold lower at pH 8.8 (n ϭ 4). These effects on sensitivity differ from the ϳ2.5-fold loss in sensitivity at pH 10.5 that was reported by Liebman et al. (25) . Moreover, the accelerated dim flash response recovery observed by Liebman et al. (25) at pH 10.5 was not observed over the more limited pH range in our study.
DISCUSSION
Although bicarbonate stimulates cGMP synthesis by the odorant uroguanylin receptor guanylate cyclase ONE-GC (also referred to as GC-D) in some olfactory neurons (11, 29) , there were conflicting reports about its effects on ROS-GCs. The cGMP content of physiologically active photoreceptors in amphibian retina increased upon exposure to 6 to 24 mM bicarbonate (4, 30, 31) . Bicarbonate enhanced cGMP synthetic activity in membranes of COS cells transiently induced to express ROS-GC1 with an ED 50 of 30 mM (11); yet 24 mM bicarbonate did not raise the ROS-GC activity of isolated toad rod outer segments (31), and 40 mM bicarbonate had no effect on cGMP synthesis in CHO cells permanently expressing ROS-GC1 or ROS-GC2 (9). Fifty mM bicarbonate actually inhibited cGMP synthesis by ROS-GC1 and by ROS-GC2 when they were expressed separately in HEK-293T cells (10) .
The present study confirms bicarbonate stimulation of ROS-GC1 activity and extends the observations to ROS-GC2 ( Fig.  2A) . It further demonstrates bicarbonate stimulation of native ROS-GCs that form complexes with neuronal Ca 2ϩ sensing subunits, GCAP1 or GCAP2. In mammalian photoreceptors ROS-GC1 is the predominant guanylate cyclase, constituting ϳ80% in WT mouse rod outer segments (32) and more than 90% in those of bovine (33). In the all-cone retina of mutant Nrl Ϫ/Ϫ mouse, ROS-GC1 is expressed almost exclusively and is bound to GCAP1 (20) and another Ca 2ϩ sensor, S100B (15) . The shift in ED 50 to higher bicarbonate concentrations in ROS-GC activity from WT mouse compared with that from Nrl Ϫ/Ϫ mouse (Fig. 4) was evidence that bicarbonate stimulated both ROS-GC1 and ROS-GC2, the latter being less sensitive to bicarbonate. In that regard, native mouse ROS-GC1 and ROS-GC2 were either less sensitive to bicarbonate than the recombinant bovine counterparts or the presence of GCAP raised the ED 50 of ROS-GCs for bicarbonate. The contradictory results reported by others may have arisen from differences in posttranslational processing, alternative protein binding partners in the ROS-GC complex, or difficulties in bicarbonate accessing the appropriate binding domain in ROS-GC in their respective systems.
ROS-GCs possess the hallmark features of the membrane guanylate cyclase family; they are composed of modular blocks arranged into a single transmembrane-spanning polypeptide chain that forms a homodimer (Fig. 8) . Mutagenesis experiments on ROS-GC1 indicated that bicarbonate does not bind the ExtD, nor does it bind to neighboring domains (Fig. 2C) . Through an analysis of deletion constructs, bicarbonate binding in ONE-GC was mapped to a cytoplasmic site (9, 10), spe- cifically, to the cytoplasmic CCD in a region that does not overlap the 908 LSEPEI 913 motif critical for neurocalcin ␦ regulation (11) . Because this part of the ONE-GC CCD shares more than 86% sequence identity with the corresponding Tyr 858 -Pro 964 segment of ROS-GC1 and Tyr 913 -Pro 1091 segment of ROS-GC2, we predict that bicarbonate also stimulates ROS-GCs at their CCDs (Fig. 8) . The presence of a single bicarbonate binding site per monomer is consistent with the Hill coefficients near 2 in the dose-response relations for ROS-GC1 and ROS-GC2 (Figs. 2, A and C; 3C; and 4).
All cells generate CO 2 , some of which will convert spontaneously to bicarbonate. The reaction is greatly accelerated by carbonic anhydrases, which are among the most powerful enzymes in the body. In retina, carbonic anhydrases are expressed heavily in Muller cells and retinal pigment epithelium. There is also lesser expression in a subset of cones, as well as in horizontal cells and amacrine cells of some species (34 -37). Bicarbonate is charged, so unlike CO 2 , it does not easily traverse the plasma membrane. Instead, its movement into or out of cells relies on anion exchangers, Na ϩ coupled co-transporters, certain metal transporters, anion channels, and gap junctions.
The lack of effect of bicarbonate applied to the outer segments of rods (Fig. 6C) suggests that uptake occurs at their inner segments, through the action of sodium bicarbonate cotransporters (38, 39) and through gap junctions and Cl Ϫ channels (40) located at the synapse (41, 42). Bicarbonate then diffuses to the outer segment, where it is extruded by an HCO 3 Ϫ / Cl Ϫ exchanger (26) . Muller cells and pigment epithelial cells remove the bicarbonate from the retina. Less is known about cones. Interestingly, red-and green-sensitive cones but not blue-sensitive cones express carbonic anhydrase in their outer segments (43). The susceptibility of red-sensitive cones to bicarbonate applied to their outer segments in this study is unclear. It could arise from CO 2 in equilibrium with bicarbonate diffusing across the membrane and being converted back to bicarbonate.
The physiological effects of bicarbonate formerly attributed solely to raising intracellular pH must now be understood to stem, in part, from increasing ROS-GC activity. Because there is a metabolic cost associated with cGMP synthesis, it is then not surprising that in retina, oxygen consumption, lactate production, and ATP hydrolysis are higher with bicarbonate and that ATP hydrolysis is highest with bicarbonate when [Ca 2ϩ ] is low (44 -46).
The magnified circulating current with bicarbonate arises from the combination of an indirect effect of raising intracellular pH and a direct effect of stimulating ROS-GC activity that ultimately results in a larger, saturating response amplitude (Figs. 5, A and D, and 6A ). These effects may form the basis for the larger photoreceptor response in the ERG of the isolated retina treated with bicarbonate (4, 5) . Lowered endogenous levels of bicarbonate explain the reduced photoreceptor response in the ERGs of mutant mice deficient for carbonic anhydrase (47) and of human subjects and animal models treated with carbonic anhydrase inhibitors (48 -50).
The synergistic action on ROS-GCs of bicarbonate with GCAPs when intracellular [Ca 2ϩ ] is low (Fig. 3) limits the growth of the photon response, lowering relative sensitivity to flashes (Fig. 5, C and E) . It also accounts for the earlier time to peak and faster recovery of flash responses in rods and cones in the presence of bicarbonate (Figs. 5, A and B, and 6B; see also Refs. 6 -8) . Inadequate bicarbonate may contribute to slower flash response kinetics recorded from photoreceptors removed from the eye compared with those determined in vivo (51) (52) (53) . An action of bicarbonate on adenylate cyclase (54) may be ruled out because raising intracellular cAMP with forskolin boosts relative sensitivity to flashes with little change in circulating current and slows photoresponse kinetics (55) . Furthermore, rod outer segments are not known to express the soluble adenylate cyclases that respond to bicarbonate (56 -57). . LS, leader sequence that is absent in the mature form of ROS-GC expressed in the outer segment; TmD, transmembrane domain; IcD, intracellular domain; SHD, signaling helix domain that may mediate ROS-GC1 dimerization; CTE, C-terminal extension. Sequence numbering is for bovine ROS-GC1. The figure was modified from Ref. 1 . Bicarbonate binds to the CCD. For illustrative purposes, GCAP1, GCAP2, S100B, and neurocalcin ␦ are shown bound to the ROS-GC1 (65) (66) (67) (68) (69) . In reality, neurocalcin ␦ is not expressed in photoreceptors, and the ROS-GC1 dimer binds either two GCAP1s or two GCAP2s. Although S100B might bind simultaneously with GCAP1, S100B and GCAP2 do not bind the same ROS-GC1 monomer nor do they bind to separate ROS-GC1 elements in a dimer. B, division of the CCD into three subdomains according to their interactions with binding partners: no known binding partner (red), neurocalcin ␦ binding (green), and bicarbonate binding (blue).
Inherited defects in ROS-GC1, GCAP1, PDE6, and AIPL1 that abnormally raise cGMP lead to blinding retinal degenerations (reviewed in Refs. 58 -61) . Excessive levels of cGMP open too many CNG channels, and the elevated influx of Ca 2ϩ triggers apoptotic cell death. Mutations that render the CNG channel hypersensitive to normal levels of cGMP also cause degeneration (62, 63) . It is now evident that elevated cGMP is toxic on its own, even without channel involvement (21) . Extreme physiological fluctuations in bicarbonate levels, e.g. during underwater diving, may raise cGMP production in photoreceptors and place them at risk in normal persons. Furthermore, high bicarbonate levels would exacerbate pathology in the aforementioned inherited retinal degenerations. Comorbidity of disturbances in bicarbonate transport in the retina may be especially harmful. Inhibition of bicarbonate production, e.g. by carbonic anhydrase inhibitors, may be therapeutic in attenuating the disease process. A note of caution is that carbonic anhydrase inhibitors may be detrimental to some patients and to carriers of recessive retinal disease in which there is insufficient production of cGMP (64) .
In summary, this study marks the initial biochemical and physiological characterization of a novel phototransductionlinked ROS-GC signal transduction pathway. In contrast to all other ROS-GC signal transductions, the bicarbonate pathway is Ca 2ϩ -independent. However, via its extraordinary mode of regulation, it introduces an external influence on the conventional rod and cone vision-linked systems. The future task will be to expand upon the basic molecular principles of this pathway and to explore clinical applications.
